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Abstract—In this paper, we propose a cluster-based feedback
protocol for multiuser orthogonal frequency-division multipleaccess (OFDMA) systems, where the capture effect is employed in
each cluster to reduce the enormous system overhead induced by
polling channel-state information. Then, we analyze the system
throughput performance of the proposed feedback protocol.
Compared with the full feedback scheme in the literature,
numerical simulations show that the proposed protocol with
clustered feedback in OFDMA systems achieves higher system
throughput by employing the capture effect with limited feedback
overhead, when the number of users is reasonably large. Moreover, compared with our previous protocol of Multiuser Diversity
with Capture, the proposed one additionally exploits multiuser
diversity in the frequency domain, thereby achieving better
throughput performance as shown by the simulation results.
Index Terms—Capture effect, clustered feedback, multiuser diversity, orthogonal frequency-division multiple-access (OFDMA).

I. I NTRODUCTION
Multiuser diversity can be exploited over time-varying independent fading channels among different users at different
times to significantly increase the system throughput of a
wireless network, where the channel is always scheduled to
the user with the best channel [1], [2]. In general, multiuser
diversity gain increases as the number of users increases.
However, the amount of feedback overhead also increases
with the number of users [3], and the feedback overhead
induced by exploiting multiuser diversity may overshadow the
multiuser diversity gain. In multiuser orthogonal frequencydivision multiple-access (OFDMA) downlink transmission,
clusters [i.e., a number of adjacent orthogonal frequencydivision multiplexing (OFDM) subcarriers] are used as basic
units for channel allocation [4], [5]. Multiuser diversity can
independently be achieved in each cluster [6]. However, in
this scenario, the amount of feedback overhead increases
with not only the number of users, but also the number of
clusters. Therefore, reducing feedback overhead becomes more
significant for multiuser OFDMA systems.
To handle the overhead issue, a one-bit-per-subcarrier (or
cluster) scheme was proposed in [7], [8] for OFDM systems,
where only one-bit information per subcarrier (or cluster) that
indicates whether the user’s subcarrier (or cluster) channel gain
This work was supported by Australian Research Council’s Discovery
Projects DP0877616 and DP1093000, and DECRA Grant DE120101266.

is above a threshold, is fed back to the base station (BS) for
subchannel allocation. In [6] and [9], the best-M feedback
strategy was presented, where the indices and channel gains
of the M subcarriers with the best channel are fed back to the
BS. Although the amount of feedback is reduced in [6]–[9],
the overhead required still linearly increases with the number
of users.
In wireless communications, the capture effect is the ability
of a radio receiver to receive a signal from one transmitter
despite interference from one or more other transmitters,
and it is particularly prominent when the receiver is capable
of working in the low signal-to-interference-plus-noise ratio
region. Contention-based feedback protocol, namely Multiuser
Diversity with Capture in [10], was proposed to explicitly
employ the capture effect to obviate the overhead problem
in conventional OFDM systems, where all users share the
same feedback slot. By employing the capture effect, higher
throughput [11] can be achieved compared with the case that
capture is not considered. However, in [10] and [11], multiuser
diversity is solely considered in the time domain, and can not
be achieved in the frequency domain.
In this paper, we propose a cluster-based feedback protocol
to reduce the system overhead by utilizing the capture effect
for multiuser OFDMA systems. Only the users with received
signal-to-noise ratios (SNRs) on a cluster above a threshold
send a feedback message in the corresponding cluster. The
capture effect is then exploited at the BS to identify the user
with the largest SNR and therefore the best channel. We
analyze the system throughput performance of the proposed
feedback protocol over frequency selective fading channels
with uniform power delay profile (UPDP). Both numerical and
simulation results show that by explicitly using the capture
effect to reduce system overhead, the proposed feedback
protocol achieves much better throughput performance than
that of the full feedback scheme [12], especially when the
radio receiver has reasonably good capture properties or when
the number of users is reasonably large. Our previous protocol
[10] is a special case of the proposed one in this paper, i.e., the
number of clusters is 1. As additional multiuser diversity can
be exploited in the frequency domain, the proposed feedback
protocol outperforms the previous one in system throughput
with the increase of the number of clusters.

The rest of this paper is organized as follows. In Section II,
we describe the system model, which includes downlink signal
model, the proposed feedback protocol and capture model.
Then, the throughput performance analysis of the proposed
feedback protocol is given in Section III. In Section IV, we
present the numerical and simulation results. Finally, Section
V concludes this paper.
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A. Downlink Signal Model
We consider the downlink transmission with one BS and
K users in a wireless network, where the total transmission
power at the BS is a constant and the uplink and downlink
channels are reciprocal. The N OFDM subcarriers are grouped
into M adjacent clusters, each with P = N/M subcarriers,
and each cluster spans over a number of OFDM symbols in
the time domain. The cluster can not only be used as the basic
physical unit for multiuser downlink data transmission, but also
as feedback channel to reduce the amount of overhead from
users compared to the per-subcarrier based scheme. We assume
that all active users are ideally synchronized to the BS, and
the data for active users is infinitely backlogged; therefore, the
queueing dynamics is not considered. The BS transmits data
packets at each cluster to only one user in every downlink
frame.
We assume that the channel between the BS and each user is
frequency selective fading, block-wise time invariant for each
frame and changes independently from frame to frame. The
discrete-time baseband equivalent channel between the BS and
the kth user is denoted by the following vector:
T

hk = [hk (0), hk (1), . . . , hk (L − 1)]

(1)

where (·)T in the superscript denotes transpose, hk (l) denotes
the kth user’s channel impulse response for the lth tap, and
L is the maximum number of channel taps for all users. By
taking the discrete Fourier transform, the channel frequency
response Hk [p, m] for the kth user at the pth subcarrier of the
mth cluster is obtained by
Hk [p, m] =

L−1
�

hk (l)e−j2π[(m−1)P +p−1]l/N

(2)

l=0

where p = 1, 2, . . . , P and m = 1, 2, . . . , M . Therefore, the
received signal Yk [p, m] of the kth user at the pth subcarrier
of the mth cluster is given by
Yk [p, m] = Hk [p, m]Sk [p, m] + Zk [p, m]

(3)

where Sk [p, m] and Zk [p, m] are the transmitted signal at
the BS and the additive white circularly symmetric complex
Gaussian noise at the user side for the kth user at the pth
subcarrier of the mth cluster, respectively.

Fig. 1.
The framing structure of the feedback protocol with clustered
feedback.

which includes system configuration information (e.g., the
values of the feedback thresholds1 for all clusters). Using the
broadcast message, all users synchronize with the BS and
estimate their received SNRs on all clusters. Then, only the
users whose SNRs on a cluster are greater than their feedback
thresholds, feed back a packet carrying their user identity
information in the corresponding cluster.
Based on the received packets in every cluster, the BS
seeks to identify the user with the greatest received SNR
on every cluster and allocates it the channel so that it may
perform data transmission. However, the BS will only be able
to correctly identify the user with the greatest received SNR
on a cluster if (i) there is exactly one user’s feedback, or
(ii) the strongest signal can be captured from multiple users’
feedback. When the user with the greatest received SNR is
identified on a cluster, that user is allocated the channel to
transmit data in the corresponding cluster. Otherwise, the BS
has not obtained any information about which user has the
best channel and it allocates the channel to a randomly chosen
user. By randomly chosen, we mean that the index of the
user is a uniformly distributed random variable from 1 to
K. When the BS has decided which users will be allocated
the channels for all clusters, the BS polls and requests them
to report their channel quality information (CQI, e.g., the
received SNR or alternative channel quality indicator) on the
corresponding clusters. Finally, using the CQI feedback, the
BS selects an appropriate transmission rate which is assumed
to be the downlink channel capacity for each cluster.
C. Capture Model
The capture effect is a complex phenomenon that depends
on the specific implementation of the receiver, and some
capture models have been proposed to characterize it [13],
[14]. In this paper, we employ the capture ratio model [13]
in the uplink cluster-based feedback. The signal of a user is
captured (i.e., decoded correctly by the receiver) if and only
if at the BS, the ratio of the received signal power from this
user to the total interference power from other users is greater

B. Proposed Feedback Protocol Description
Fig. 1 shows the framing structure of the proposed feedback
protocol (Note it is an extension of our work in [10]). The BS
first informs all active users to respond by a broadcast message,

1 Given the channel gain distribution on each cluster, the feedback thresholds
can be pre-computed and then used at the BS. The channel gain distribution
can also be estimated at the BS dynamically by collecting the uplink feedback
information.

than a capture ratio z, where the value of z depends on the
receiver characteristics and system requirements.
Let n > 1 be the number of feedback users in a feedback
channel (e.g., one cluster), whose indices and the corresponding received SNRs are v1 , v2 , . . . , vn and Γv1 , Γv2 , . . . , Γvn ,
respectively. Without loss of generality, let v1 be the index of
the user with the greatest received SNR, and the capture ratio
model can be expressed as follows:
Γv 1 > z

n
�

Γv i .

(4)

cluster to the BS be u1 , u2 , . . . , uK−k and the indices of the
users that feed back a message in one cluster to the BS be
v1 , v2 , . . . , vk . Since the Γi [m]s for all users are i.i.d., it follows
that the Γuj [m]s are i.i.d. and that the Γvn [m]s are also i.i.d..
Denote the pdfs of Γuj [m]s and Γvn [m]s by fU [m] (·) and
fV [m] (·), and their cdfs by FU [m] (·) and FV [m] (·), respectively.
It is shown that
fΓ[m] (x)
, 0 ≤ x < η[m],
(9)
fU [m] (x) =
FΓ[m] (η[m])

i=2

When 0 < z < 1, multiple users may be captured if (4) is
satisfied. However, this is out of the scope of this paper, and
we consider the case that only one user may be captured (i.e.,
z ≥ 1).

We define the instantaneous channel gain for the kth user
on the mth cluster as follows:
αk [m] =

P
1 �
|Hk [p, m]|2 .
P p=1

(5)

Therefore, the received SNR for the kth user on the mth cluster
is given by
Γk [m] = ραk [m]
(6)
where we assume that the transmit power allocated to all
subcarriers is the same for all users, and ρ is the ratio of the
transmit power to the noise power at the receiver.
Let Rk [m] denotes the event that k of the K users in the
network feed back a message in the mth cluster and let G[m]
be a random variable that represents the data rate in the mth
cluster. Applying the law of total expectation, the average sum
rate (bps/Hz) is given by
E[G] =

M
K
1 ��
E [G[m]|Rk [m]] P (Rk [m]).
M m=1

(7)

k=0

Let C[m] denote the event that the BS is able to correctly
identify the user with the best channel during the channel
contention of the mth cluster. Applying the law of total
expectation again, we have
E [G[m]|Rk [m]]
=E [G[m]|C[m], Rk [m]] P (C[m]|Rk [m])
�
�
+ E G[m]|C̄[m], Rk [m] P (C̄[m]|Rk [m])

FΓ[m] (x)
,
FΓ[m] (η[m])

fV [m] (x) =

fΓ[m] (x)
,
1 − FΓ[m] (η[m])

FV [m] (x) =

III. P ERFORMANCE A NALYSIS OF THE P ROPOSED
F EEDBACK P ROTOCOL
A. The Average Sum Rate

FU [m] (x) =

ak =

where C̄[m] represents the set complement of C[m].
We assume that the fadings that the users experience are
independently and identically distributed (i.i.d.), hence the
Γk [m]s for all users on the mth cluster are i.i.d. random
variables, each with probability density function (pdf) fΓ[m] (·)
and cumulative distribution function (cdf) FΓ[m] (·). Let the
indices of the users that do not feed back a message in one

x ≥ η[m],

FΓ[m] (x) − FΓ[m] (η[m])
,
1 − FΓ[m] (η[m])

x ≥ η[m]

(10)
(11)
(12)

where η[m] is the feedback threshold on the mth cluster.
Further, let the pdf and cdf of the sum of k independent random variables with pdf fV [m] (·) be fV [m],k (·) and FV [m],k (·),
respectively. It follows that fV [m],k (·) is the k-fold convolution
of fV [m] (·). For convenience, we define fV [m],0 (t) = δ(t),
where δ(t) is the Dirac delta function. Let g(x) be the
transmitted data bit rate per Hertz given the received SNR
x.
Without loss of generality, we focus on the analysis of the
sum rate for the mth cluster in the following equations. For
simplicity of notation, we ignore the cluster index [m]. Using
similar methods as shown from (8)-(15) in [10], we can obtain
the following equations,
� �
K
k
P (Rk ) =
(1 − FΓ (η)) FΓ (η)K−k ,
(13)
k

k=0

0,
k=1
P (C|Rk ) = 1,

k � ∞
(1 − FV (zx)) fV,k−1 (x)dx, k ≥ 2
(k−1)η
(14)
P (C̄|Rk ) = 1 − P (C|Rk ),
(15)

k=0

0,
�∞
g(x)f
(x)dx,
k
=1
E [G|C, Rk ] =
(16)
V
η

 k
k≥2
P (C|Rk ) ak ,
where

(8)

0 ≤ x < η[m],

�

∞

z(k−1)η

and

g(x)FV,k−1

�x�
z

� η
 g(x)fU (x)dx,
�
�  0
E G|C̄, Rk = 0,

 K−k E �G|C̄, R � +
0
K

fV (x)dx

(17)

k=0
k=1
k
b , k≥2
KP (C̄|Rk ) k
(18)

where

bk = E [G|C, R1 ] − ak − (k − 1)ck ,

(19)

and
ck =
� ∞�
η

TABLE I
M ODULATION AND CODING SCHEMES
∞

(k−2)η

g(x)fV (x) (1 − FV (z(x + y))) fV,k−2 (y)dydx.
(20)

For a practical system, we assume that the physical layer
(PHY) is capable of rate adaptation and selects the highest feasible data rate given the CQI of the selected user. Specifically,


x < x1
0,
g(x) = gj , xj ≤ x < xj+1 , ∀ 0 < j < J
(21)


gJ , x ≥ xJ
where gj is the average data bit rate per Hertz for PHY mode
j, J is the number of PHY modes and the mode threshold xj
is the minimum SNR required to transmit data at PHY mode
j.

B. System Throughput
Since wireless channels are time-varying and the size of the
data packet can not be too large, the overhead induced by the
control packets should be considered when we calculate the
system throughput. We define tdata and toverhead to be the
packet transmission duration for the data and the overhead
of all control packets, respectively. Therefore, the system
throughput is defined as
tdata · E[G] · B
a · E[G] · B
=
(22)
tdata + toverhead
a+Q
where B is the channel bandwidth, and we assume that the
size of all the control packets is the same, a is the ratio of the
size of the data packet to that of one control packet and Q is
the number of control packets.
T =

C. Frequency Selective Fading Channels with Uniform Power
Delay Profile
We assume that all users’ channels follow i.i.d.
frequency selective fadings with UPDP, and each
channel tap follows complex Gaussian distribution
with zero mean and variance 1/L. Let Fp,m
=
[1, e−j2π[(m−1)P +p−1]/N , . . . , e−j2π[(m−1)P +p−1](L−1)/N ]T ,
and we have [15]
Γk [m] =
where Σm =

P
ρ � H
|F hk |2 = hH
k Σm hk
P p=1 p,m

(23)

P
ρ �
Fp,m FH
p,m . By performing an eigenP p=1

decomposition, we have Σm = VH
m Λm Vm , and Λm =
diag{λm,1 , . . . , λm,L }, where diag(·) denotes a diagonal matrix, with the entries in the main diagonal given by (·). Vm hk
also follows i.i.d. complex Gaussian distribution with zero
mean and variance 1/L, hence the pdf of Γ[m]s for all users
can be written as [15]
fΓ[m] (x) =

L
�
l=1

−1

−λm,l x
Am,l λ−1
I{λm,l �= 0}
m,l e

(24)

MCS level
j
1
2
3
4
5
6
7
8
9
10
11

Modulation
schemes
QPSK
QPSK
QPSK
QPSK
QPSK
16-QAM
16-QAM
64-QAM
64-QAM
64-QAM
64-QAM

where Am,l =

L
�

Coding
rate
1/12
1/8
1/4
1/2
3/4
1/2
3/4
1/2
2/3
3/4
5/6

Data rate
gj (bps/Hz)
0.16
0.25
0.5
1.0
1.5
2.0
3.0
3.0
4.0
4.5
5.0

MCS level
threshold, xj (dB)
-5.6
-3.8
-1.4
2.1
6.6
7.2
12.2
12.5
16.3
18.6
22.8

λ−1
m,q

I{λm,q �= 0, λm,l �= 0}
− λ−1
m,l
[16], and I{·} denotes the indicator function. Therefore, the
FΓ[m] (x) can be obtained as
FΓ[m] (x) =

λ−1
q=1,q�=l m,q

L
�
l=1

�
�
−1
Am,l 1 − e−λm,l x I{λm,l �= 0}.

(25)

Note that, by substituting (21), (24) and (25) into (9)(20), we can obtain the average sum rate E[G] and therefore
the system throughput (22) over frequency selective fading
channels with UPDP.
IV. N UMERICAL AND S IMULATION R ESULTS
In this section, we present the numerical and simulation
results of the system throughput for the proposed feedback
protocol with ρ = 12 dB over a 4-tap channel with UPDP.
In the simulations, we employ N = 128, B = 1.25 MHz
and J = 11 modulation and coding schemes (MCSs) levels
based on the IEEE 802.16e [17], and use the corresponding
thresholds {xj }Jj=1 in [18] with the target packet error rate of
ε = 1% through the link level simulation, as shown in Table I.
Also, Table I gives the average data rate gj with the modulation
and coding rate. The ratio of the size of the data packet to that
of one control packet, a, is fixed to be 10, and as indicated
in Fig. 1, the number of the control packets, Q, is 4. All the
simulation results are averaged over 30000 frames.
Fig. 2 shows the throughput performances for the proposed
feedback protocol and the full feedback scheme versus the
number of users, where the number of clusters is fixed to be
4. For the full feedback scheme, all active users’ overhead
that is carried in the control packet is fed back one by one;
thus, the number of the control packets required is K + 1. The
numerical results for the system throughput are obtained using
order statistic analysis. For the proposed feedback protocol,
the feedback thresholds have been numerically optimized to
the nearest 0.1 dB so that the system throughput is maximized
for each value of K and z. As shown in Fig. 2, with the
increase of the number of users, the overhead incurred from
polling users overshadows potential multiuser diversity gain
for the full feedback scheme. The proposed feedback protocol

performance of the proposed protocol over frequency selective
fading channels with UPDP. Compared with the full feedback
scheme, the proposed feedback protocol reduces system overhead. Both numerical and simulation results show that the
throughput performance for the proposed feedback protocol
is significantly better than that of the full feedback scheme,
when the number of users is reasonably large.
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Fig. 2. Throughput performance for the proposed protocol with clustered
feedback versus different number of users (M = 4).
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Fig. 3. Throughput performance for the proposed protocol with clustered
feedback versus different number of clusters (K = 16).

achieves better throughput performance than the full feedback
scheme, when the number of users is reasonably large.
Fig. 3 shows the throughput performance for the proposed
feedback protocol versus the number of clusters, where the
number of users is fixed to be 16. It can be seen from Fig. 3
that the system throughput of the proposed feedback protocol
increases as the number of clusters increases. For example,
there is a performance gain of about 10% in z = 2 dB from
M = 1 to M = 8, where the case in M = 1 is that of our
previous protocol [10] in conventional OFDM systems.
V. C ONCLUSION
In this paper, we have presented a cluster-based feedback
protocol for multiuser OFDMA systems, where the capture
effect is explicitly employed in each cluster to find the user
with the best channel. We have also analyzed the throughput
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